All-dielectric subwavelength structures utilizing Mie resonances provide a novel paradigm in nanophotonics for controlling and manipulating light [1] . So far, only spontaneous emission enhancement was demonstrated with single dielectric nanoantennas [2, 3] , whereas stimulated emission was achieved only in large lattices supporting collective modes [4] . Here, we demonstrate the first singleparticle all-dielectric monolithic nanolaser driven by Mie resonances in visible and near-IR frequency range. We employ halide perovskite CsPbBr3 as both gain and resonator material that provides high optical gain (up to ∼10 4 cm −1 ) and allows simple chemical synthesis of nanocubes with nearly epitaxial quality [5] . Our smallest non-plasmonic Mie-resonant single-mode nanolaser with the size of 420-nm operates at room temperatures and wavelength 535 nm with linewidth ∼ 3.5 meV. These novel lasing nanoantennas can pave the way to multifunctional photonic designs for active control of light at the nanoscale.
All-dielectric nanoantennas employing Mie resonances with weak losses and low-damage threshold in visible and near-infrared spectral range provide new functionalities to tailor the properties of light at the nanoscale not available with the use of plasmonics [1] . Moreover, this novel platform allows strong active response from the nanoparticle material, resulting in the enhanced generation of nonlinear harmonics [6, 7] , Raman scattering [8] , and photoluminescence [2, 3] . Recent results for stimulated emission from individual dielectric nanoparticles are limited by numerical simulations [9, 10] , and only large arrays of resonant nanoparticles have been employed for the experimental studies of stimulated emission [4] . Relatively low Q-factors of resonant modes (Q m ) supported by single dielectric nanoparticles still prevent the development of all-dielectric nanolasers with subwavelength dimensions, and they require materials with a large gain.
It was realized very recently that one of the best materials for lasing nanoantenna is metal-halide perovskites. Their high-enough refractive index (higher than 2) makes it possible to develop a compact design [11] [12] [13] . Also, most of halide perovskites support excitons at room temperatures [14] and, thus, high density of states near the bottom of conduction band can yield high luminescence quantum efficiency and optical gain [11] . Finally, relatively simple chemical methods for the fabrication of optically resonant structures with regular shapes (nanowires [15] [16] [17] , microplates [18] [19] [20] , and microspheres [21] ) allow generating stimulated emission in the range of 420 ÷ 824 nm [15, [22] [23] [24] . However, only cubic particles [25] can result in the fabrication of truly subwavelength single-particle nanoantennas with low defects that can support lasing at room temperatures. Figure 1 illustrates a nanolaser made of CsPbBr 3 being a material with high direct bandgap absorption (α > 10 4 cm −1 ) and high density of states at the edge of the conduction band, allowing an overlap with a photoluminescence (PL) peak centered at λ=532 nm with the full-width at half maximum (FWHM) of 14 nm. Despite high optical losses at the PL wavelengths, they are converted to an useful gain once the photoexcitation level becomes high enough to fill the levels at the excitonic state. CsPbBr 3 nanocubes are synthesized chemically on a sapphire substrate by a two-step deposition method (see Methods). The time-resolved PL demonstrates an exponential decay with an average lifetime of 20 ns homogeneous over whole nanoparticle, being also confirmed by the time-resolved PL map [see Fig. 1(b) and Fig. S3 ]. Indeed, CsPbBr 3 is a defect-tolerant material where defect sates are placed very close to the conduction or valence bands keeping the bandgap clean [26] . Nevertheless, for the nanocubes grown on fused silica, lasing occurs for those larger than the emission wavelength only, caused by worse material properties (for details, see Supplementary Section S3). The nanoparticles are characterized by means of scanning electron microscopy (SEM). As can be seen in Figs. 2(a-c) , the predominant aspect ratio of obtained nanostructures is close to 1:1:1, whereas the quality of facets is high enough to support high-Q resonant optical modes.
Optical resonances of individual nanocubes with different sizes are studied with dark-field (DF) spectroscopy (for details, see Methods). The DF spectra are measured for a set of subwavelength nanocubes, as shown in Fig. 2(a-c) , and they represent the behaviour typical for all-dielectric nanoantennas where low-order Mie-type resonances strongly affect the scattering properties, which are employed for the manipulation of light at the subwavelength scale with conventional semiconductors [1] . In order to reveal the origin of the observed resonances, we employ numerical simulations (using COMSOL Mul- tiphysics) of the plane wave scattered by a perovskite nanocube placed on a substrate, and illuminated from a certain angle that corresponds to our experimental conditions (for details, see Methods). The simulated scattering spectra are combined with the multipole decomposition (for details, see Supplementary Section S4), and they reveal the importance of the magnetic dipole (MD), electric (EQ) and magnetic (MQ) quadrupolar modes in both visible and near-IR frequency ranges shifting from λ = 700 ÷ 800 nm to λ = 900 nm with an increase of the nanocube size [see
The PL spectra of the nanocubes upon excitation with 150 fs laser pulses (for other details, see Methods) are presented in Figs. 2(f-h). For all sizes of the nanocubes, the spectra exhibit threshold-like appearance of a narrow peak on the red side of the emission (exciton) line, in the range of λ = 532 ÷ 538 nm. The linewidths (FWHM) of these peaks vary from one particle to another, and it corresponds to Q = 670 ÷ 1600. The nanocubes can operate in the lasing regime during 10 6 excitation cycles in air, whereas after 4×10 6 cycles the lasing power looses a half of its initial value, and saturates around that value (see Fig. S8 ).
To corroborate that the observed emission can be attributed to lasing, we study the input-output power dependence of the system. All the nanocubes demonstrate a recognizable S-shape dependence of the emission intensity on the pump power, and a spectral narrowing with increasing pump intensity, as shown in Figs. 3(a-c). These observations provide strong indications of the lasing regime in our system. Moreover, optical images of the nanocubes taken below and above the lasing threshold further indicate coherence of the emitted light owing to the appearance of interference fringes (see Fig.S9 ).
Additionally, the obtained P in − P out curves for the nanocubes provide useful information about the coupling of spontaneous emission to a lasing mode (beta factor, β), being an important parameter in the set of laser rate equations (see Supplementary Section S7). According to the experimentally measured ratios of stimulated and spontaneous emission, we can extract the following values: β(480 nm) ≈ 0.07, β(460 nm) ≈ 0.33, and β(420 nm) ≈ 0.62. Such a trend is typical for plasmonic nanolasers where β → 1 for deeply subwavelength nanolasers [27] , being a general strategy to achieve nothreshold lasing [28] .
Further insight into the observed lasing behavior is provided by Fig. 3(d) , which presents more detailed dependence of the measured threshold pump fluences on the side length of the nanocube. This dependence is supported by theoretical calculations of the threshold gain (expressed in cm −1 ) for perovskite nanocubes of different sizes placed on a sapphire substrate, calculated with the finite-difference time-domain simulations. The material of the nanocubes is modeled by a constant permittivity with a single negative Lorentzian providing gain (for details, see Methods). The lasing threshold is then found as singularity of the scattering spectrum, in accordance with the linear theory of lasing [29] .
We observe that the experimental data and theoretical results are in a good agreement (we notice that they display thresholds of different quantities -threshold pump fluence and threshold material gain, respectively). Overall, the lasing threshold decreases with the nanocube size. This decrease is caused mostly by fast increase of Q factors of the nanocube optical modes with its size (see discussion in Supplementary Section S7). Smaller oscillations of the threshold gain superimposed on the overall attenuation originate from a finite linewidth of the emitting transition of the gain medium. the nanocube size, the lasing mode can match exactly the frequency of the gain medium resulting in a reduced threshold. However, when the lasing mode is detuned from the gain medium, the threshold gain increases, also causing the frequency pulling effect [29] . To analyze the mode structure of the record-small nanolaser, we calculate the eigenmode spectrum of a 420-nm side nanocube (see Methods). Figure 4(a) shows the Q factors and wavelengths of the eigenmodes in the range of 525 ÷ 545 nm. For a nanocube in free space, only one triply-degenerate mode with Q ≈ 70 can be identified in this spectral range. For a nanocube placed on a sapphire substrate (n = 1.76), the mode degeneracy is partially lifted, and the triply-degenerate mode splits into one non-degenerate high-Q mode (Q m,v = 30) and one doubly-degenerate low-Q mode (Q m,h = 15, where the indices v and h stand for the vertical and horizontal directions). The difference in Q factors of two modes explains the observed single-mode lasing. To characterize the near-field structure of the modes, we perform the multipole decomposition (see Methods), and the results are shown in Fig. 4(b) . The electromagnetic field of all three modes is dominated by the electric multipoles of the fourth-order (hexadecapole), and this is confirmed by the near-field patterns presented in Fig. 4(c) .
In conclusion, we have demonstrated active dielectric Mie-resonant nanoantenna for efficient light manipulation in visible/near-IR ranges and single-mode lasing at room temperatures. The design employs resonant states of Mie-like modes of nanocubes corresponding to the subwavelength regime (down to 0.5λ
3 ). As a material providing a high gain (∼10 4 cm −1 ) we have employed halide perovskite (CsPbBr 3 ) allowing a simple chemical synthesis of nanocubes and supporting moderate-threshold pulsed lasing (1.5 GW/cm 2 ) with high Q-factor (Q > 670) at room temperatures. Table S1 in Supporting information compares the proposed design with previously reported nanolasers made of conventional semiconductors (such as InGaAs, InGaP, and ZnO), and demonstrates that the perovskite nanolasers hold the record small volume among non-plasmonic nanolasers operating at room temperatures. The developed platform may be applied not only in established applications of nanolasers [28] , but also in advanced structural coloring where Mie resonances are used for both active and passive colors generation [13] . 
METHODS
Fabrication of perovskite nanolasers. The perovskite CsPbBr 3 nanocubes are synthesized by a twostep deposition technique. First, sapphire substrates are washed with de-ionized water, and then they are placed into an ozonation station for 20 min. After the dissolving in dimethylformamide (DMF) at 75 o C 0.17 mM PbBr 2 , the prepared solution is spin-coated on the sapphire substrate at 2500 rpm for 40 s and dried on a hot plate at 75 o C for 30 min. Then, the substrates are dipped into a 7.5 mg/mL CsBr solution in methanol at 50 o C for 15 min. The obtained thin films are rinsed with anhydrous 2-propanol and calcined at 150 o C for 30 min to obtain CsPbBr 3 nanocubes. Importantly, this protocols allowed us to avoid deformed shapes of nanocubes, when they are too close to each other [30] and it is hard to study optical properties of a single nanoparticle.
Shape and size characterization. The perovskite cubes are visualized and inspected by low-voltage scanning electron microscopy with Zeiss Auriga FIB-SEM station at accelerating voltage 700 V and probe current 200 pA. The geometrical parameters of nanostructures are estimated from the SEM images taken for different angles of 90 o and 45 o to the sample surface. Time-resolved spectroscopy. Photoluminescence decay at room temperatures is investigated by a laser scanning confocal microscope MicroTime 100 (PicoQuant) equipped with an ×100 objective (NA=0.95) and 50-ps pulsed diode laser head (λ=405 nm), which implements the method of time-correlated single photon counting. All-measurement are made with laser pulses coming with the repetition rate 2500 kHz and fluence Lasing measurements. To study lasing properties of individual nanocubes, we use frequency doubled Ybdoped femtosecond laser (TeMa, Avesta Project) yielding laser pulses at the wavelength of 524 nm, repetition rate 100 kHz after a Pockels cell, and pulse duration around 150 fs. The laser beam is focused onto the sample surface through the substrate at the normal incidence by a 10× objective (Mitutoyo M Plan APO NIR, NA = 0.28). Emission light is collected from the top by an 50× objective (Mitutoyo M Plan APO NIR, NA = 0.42), sent into Horiba LabRam HR spectrometer and projected onto a thermoelectrically cooled charge-coupled device (CCD, Andor DU 420A-OE 325). Lasing emission from individual nanocubes is studied by using a 1800-g/mm grating. All measurements are done in air at room temperature.
FDTD simulations of the lasing threshold. Numerical calculations of the lasing threshold in perovskite nanoparticles are performed by using the finite-difference time-domain method with the use of a commercial software (Lumerical). The permittivity required for the estimation of the lasing threshold is introduced as a single Lorentzian with a negative oscillator strength f 0 :
, where ε 0 = 6.25 is the background permittivity of perovskite due to higher energy transitions, ω 0 = 2.31 eV is the emission energy, and γ = 50 meV is the emission linewidth. The system is excited with a set of randomly oriented electric dipole sources (to ensure coupling to all eigenmodes) with the perfect matched layer (PML) boundary conditions. The lasing threshold is then estimated as the minimum negative oscillator strength of the gain medium f th (and the corresponding gain coefficient −Im k), at which the scattering spectrum diverges at a real-valued frequency.
Eigenmode and scattering simulations. For numerical simulations of the eigenmode spectra and scattering spectra of the resonator, we use the finite-element method eigenmode solver and frequency domain solver in COMSOL Multiphysics, respectively. All calculations are realized for a single nanoresonator of a specific size in a homogeneous environment or on a semi-infinite substrate surrounded by PML mimicking an infinite region. The values for the refractive index for CsPbBr 3 are taken from experimentally measured data for perovskite thin films [31] and increased by 0.25 to consider the high quality material structure [32] of fabricated monocrystalline cubes. The extinction coefficient is taken equal to zero for wavelengths longer than 530 nm, which allows to analyze the mode contribution in the lasing regime. For the scattering simulations, the excitation is a plane wave with polarization and incident angle as in the dark field spectroscopy experiment. The aperture of a collecting objective is NA=0.42, which reproduces the dark field spectroscopy experiment measurements.
Multipolar decomposition. For characterization of the eigenmode spectrum, we apply the mode decomposition method over irreducible spherical multipoles [33] , characterized by both azimuthal (m) and orbital (l) indices. The decomposition is realized as a custom builtin routine for the eigenmode solver in COMSOL Multiphysics. For multipole classification summarized in Fig. 4(b) , we use the following notations: magnetic quadrupole (l = 2), magnetic octupole (l = 3), and electric hexadecapole (l = 4).
